While a goal-directed movement is prepared, motor cortical neurons selectively change their activity in relation to prior information about movement direction. Only little is known, however, about the neuronal representation of partial information about this parameter. We investigated this question by training monkeys in a multidirectional centre-out pointing task. A preparatory signal provided prior information about one, two or three possible adjacent targets, thus manipulating the level of certainty about movement direction. After a 1-s delay, the response signal speci®ed one of the precued targets to indicate the actual movement to be performed. Based on the directional tuning curves of individual motor cortical neurons determined during the reaction time interval, we constructed distributions of the population activation (DPAs), which we were then able to estimate as well during the preparatory period. We found that these distributions were preshaped by prior information, with peaks of activation centred over the range of precued movement directions. These peaks sharpened as the response signal approached, and shifted to the speci®ed movement direction subsequent to that signal. Wider ranges of precued movement directions were represented by broader DPAs. Trials in which monkeys produced short reaction times were characterized by narrower distributions than trials with long reaction times. Our study thus provides evidence for (i) a graded preshaping of the neuronal population representation of movement direction by partial information about this parameter, and (ii) the continuous evolution of the preshaped population representation during the preparatory period towards movement initiation.
Introduction
The activity of neurons in motor cortical areas has been shown to selectively re¯ect the values of various movement parameters relevant for movement execution (reviews: Hepp-Reymond, 1988; Kalaska, 1991) . However, the observation that selectivity of neuronal discharge is rather broad, and hence large populations of neurons should be active when any single motor act is executed, has led to the notion of population coding, in which all activated neurons are assumed to contribute to the speci®cation of individual values of movement parameters (Georgopoulos et al., 1983; Lee et al., 1988) . The fact that selective neuronal discharges are obtained in motor cortical areas not only in relation to movement execution, but also largely prior to movement onset, has motivated the investigation of the role of these cortical areas in movement preparation (reviews: Evarts et al., 1984; Wise, 1985) . One particularly interesting approach used the so-called precueing paradigm (Rosenbaum, 1980) , in which information about an upcoming movement is provided at the beginning of a delay period. Such prior information selectively affects the activity of single neurons depending on the speci®c information provided, e.g. movement direction or amplitude (cf. Riehle & Requin, 1989 , 1995 Kurata, 1993; Riehle et al., 1994; Crammond & Kalaska, 2000) . The classical ®nding that reaction times increase the greater the uncertainty about the upcoming movement (through a larger number of choices or a lower probability of any particular choice; cf Keele, 1986) suggests similarly that movements can be partially prepared.
A recent series of behavioural ®ndings was obtained using a paradigm in which movements had to be initiated at a ®xed moment in time, but information about the movement was provided by a stimulus presented at various instances before this initiation time (Ghez et al., 1997) . With increasing stimulus±response intervals, the distribution of performed movements changed gradually from an initial`default' distribution to a distribution centred over the speci®ed movement parameter value. This evolution was continuous in time and, for choices which were suf®ciently similar to each other, graded within the movement parameter. Finally, mental rotation tasks have provided evidence for continuous and graded evolution of representations of movement parameters (Georgopoulos & Massey, 1987; Bhat & Sanes, 1998) .
The continuous and gradual speci®cation of movement parameters formed the basis of a model of motor preparation (Scho Èner et al., 1997; Erlhagen & Scho Èner, 2002) . The dynamic ®eld model consists of an activation ®eld de®ned over the relevant movement parameters, for instance, movement direction. Information about movement direction is represented as peaks of activation localized at those sites of the ®eld which are mapped onto the indicated movement directions. The ®eld evolves in time under the in¯uence of two forms of input. First, prior information preshapes the ®eld by preactivating cued sites. Second, command input leads to the development of a single full-¯edged peak of activation representing the ®nal motor choice. This model predicts a large set of reaction time effects based on the fact that more strongly preactivated ®eld sites reach thresholds faster than less preactivated sites.
In this paper we ask whether preshaping of activation patterns and their gradual evolution toward a ®nal activation pattern which represents the speci®ed movement can be directly observed from ®ring rates of motor cortical neurons. When partial prior information speci®es multiple movement directions (ranges of directions), the population vector (Georgopoulos et al., 1983) is not an appropriate measure, because it represents a single unique value for movement direction (see also Cisek & Kalaska, 2002) . Population activity can be used, however, to construct distributions of population activation (DPA) over the relevant parameter space (Erlhagen et al., 1999) , which might be interpreted as probability distributions (Zemel et al., 1998) . To estimate DPAs, we linearly combine the tuning curves of all selected neurons, weighing each contribution with the current ®ring rate of the corresponding neuron. This leads to distributions of neuronal population activity de®ned over the space of movement directions. Using this technique, we have reported preliminary evidence for speci®c preactivation in motor cortex as a function of precued movement directions (Bastian et al., 1998) . Here, we extend these results by showing how graded information about one, two or three possible adjacent movement directions is accurately represented by distributions of population activation obtained from neurons in monkey motor cortex. We show that during the preparatory period (between precue and response signal) the population distribution is centred on the mean of the precued movement directions. The temporal evolution of the population distribution re¯ects the amount of prior information in both its shape and total activation.
Materials and methods

Behavioural procedure
Two Rhesus monkeys (Macaca mulatta, one male, J, and one female, L) were trained to perform a multidirectional pointing task. They were cared for in the manner described in the Guiding Principles in the Care and Use of Laboratory Animals of the American Physiological Society and the French government regulations. The monkey sat in a primate chair in front of a vertical panel on which seven touch-sensitive light-emitting diodes (LEDs) were mounted, one in the centre and six placed equidistantly in a circle of 10 cm radius around it (Fig. 1) . First, the centre target was lit in yellow and the monkey had to press it to initiate the trial. This LED remained on during the whole trial. Then, after a ®xed delay of 500 ms, the preparatory signal was presented by illuminating one, two or three adjacent targets in green. After another delay (preparatory period of 1 s duration), during which the monkey had to continue to press on the centre target button, the colour of one of the lit targets turned to red. This served as response signal cueing the monkey to perform a movement to that target as fast as possible to be rewarded by a drop of fruit juice. Trials were de®ned as being correct when the correct target was reached and neither reaction time nor movement time exceeded 1000 ms each.
The experimental protocol consisted of three behavioural conditions which varied the amount of information contained in the preparatory signal (see Fig. 1 ): (i) In the`complete' condition, one of the six targets was illuminated as precue; (ii) in the`two-target' condition, one of three pairs of adjacent targets was illuminated (targets 1 2, 3 4 or 5 6); (iii) in the`three-target' condition, one of two triplets of adjacent targets was illuminated (targets 6 1 2 or 3 4 5). Thus, each condition contained six types of trials, i.e. six possible combinations of preparatory and response signal. The three behavioural conditions were presented in separate blocks of %150 trials each, within which the corresponding six trial types occurred in pseudo-random order with equal probability (% 25 trials per type). On different recording days, the order of the three blocks was varied to achieve approximate counter-balancing.
Surgical procedure and recording
After training, animals were prepared for multiple single-neuron recordings. A circular stainless steel recording chamber (inner diameter 15 mm) was placed under general halothane anaesthesia (<2.5% in air) over the monkey's primary motor cortex contralateral to the task-performing arm. A stainless steel T-bar was cemented to the skull to ®x the animal's head during recording sessions. The animals had %1 week of recovery before recording sessions started.
In order to record extra-cellularly single-neuron activity from multiple sites, a multielectrode microdrive (Reitbo Èck system, Thomas Recording, Giessen, Germany; Mountcastle et al., 1991) was used to transdurally insert seven microelectrodes (quartz-insulated platinum±tungsten electrodes, outer diameter 80 mm, impedance: 2±5 MV at 1000 Hz). The electrodes were arranged in a circle, one electrode in the middle and six around it (equally spaced 330 mm apart). From each electrode, electrical signals were ampli®ed and band-pass ®ltered (300 HzÀ10 kHz). Action potentials of only one single neuron per electrode were then isolated by using a window discriminator. Neuronal data along with behavioural events (e.g. occurrence of preparatory and response signals, including target information, reaction and movement times, reward, trial start and end, errors) were stored for off-line analysis with a time resolution of 10 kHz. Rasters of spike trains were displayed on-line on a computer screen, and the monkey's behaviour was tracked with a video camera. 
Data analysis
Epochs
Only correct trials were taken into account. The following behavioural epochs were distinguished during each trial: the preparatory period (PP) and the reaction time period (RT). For some speci®c analyses, the preparatory period (duration 1 s) was divided into two parts, where PP1 comprises its ®rst 500 ms and PP2 its last 500 ms. The reaction time period was de®ned as the time from the presentation of the response signal to the time at which the monkey released the centre target (movement onset).
Construction of the distribution of population activation (DPA)
The contribution of each recorded motor cortical neuron to the representation of movement direction is assessed on the basis of its tuning curve (Georgopoulos et al., 1982) . The construction of a DPA is thus based on a set of reference conditions, in which these tuning curves are obtained. We selected the RT epoch as reference period and averaged over the ®ring rates recorded during all three behavioural conditions. We then constructed an entire DPA over the parameter movement direction (Erlhagen et al., 1999) . A DPA can be provided at any moment in time and for any condition. Each neuron contributes by its tuning curve, weighted with its ®ring rate at the time and condition of interest. This is illustrated in Fig. 2 . Mathematically, this amounts to a linear superposition of tuning curves
The DPA is a function of time, t, and movement direction, j. The sum extends over all selected neurons, i. Tuning curves were normalized to range from 0 to 1 such that differences in ®ring rates between neurons were not ampli®ed by squaring ®ring rates. The current ®ring rate was calculated from activities averaged over all trials of a given trial type within a particular time window. The choice of trial type and time window thus determines the condition for which the DPA is estimated. The entire sum is divided by the number, N, of neurons. For some analyses, neuronal activity was averaged within the epochs PP1, PP2 and RT. During the preparatory period and up to 100 ms after occurrence of the response signal, neuronal activity was aligned to signal occurrence and averaged within 100-ms bins whereas during movement execution, that is, from 250 ms before to 150 ms after movement onset, activity was aligned to movement onset and averaged in 50-ms bins.
Because the current ®ring rate in any condition and at any time can be inserted here as a coef®cient, eqn (1) permits estimation of the DPA beyond the set of reference conditions from which the tuning curves were determined. We used this equation to estimate DPAs during the preparatory period and individually for each of the three behavioural conditions. We therefore obtained time-resolved DPAs (at different resolutions) for each of the 18 types of trials (six movement directions in each of three behavioural conditions). The alignment of neuronal activity to trial start allows one to describe the temporal evolution of the DPA with respect to the information provided by the signals (preparatory and response signal), whereas the alignment to movement onset allows one to describe it with respect to movement initiation and thus movement execution.
Selection criteria. In order for recorded neurons to be included in the population, three criteria had to be ful®lled: (i) the neuron was recorded in all three behavioural conditions; (ii) the tuning curve was unimodal (see below); (iii) the tuning curve reached statistical signi®cance (P < 0.05) when testing ®ring rate variations using a onefactor (movement direction) analysis of variance (ANOVA). Regarding (ii) above, bimodal tuning curves with two peaks at 1808 separation were occasionally observed. Because the monkey was not forced to hold its hand on the target, these bimodal tuning functions during reaction time probably re¯ect the return movement from the target back to the centre. This explanation is corroborated by the observed time structure of bimodal poststimulus time histograms which, in 10 out of 16 neurons with bimodal tuning curves, revealed one preferred direction during the preparatory period, bimodality during reaction time and the opposite (compared to the preparatory period) preferred direction during movement time.
Normalization. The selected populations of neurons are based on nonuniform samplings of preferred directions (different for the two monkeys) as shown in Fig. 3 . The circular variance (S ) was S 117 0.93 for monkey L and S 93 0.91 for monkey J (cf. Mardia, 1972) , which is not statistically signi®cant for homogeneity. Within the DPA, such bias in structure is observable even before the preparatory signal, that is, before any directional information was available. Assuming that the DPA had to be uniform in that epoch, we corrected for such bias by subtracting from the DPA at any time and for a given trial type the DPA obtained from that same trial type averaged over a 200-ms time window before the presentation of the preparatory signal. Analysis of the shape of the DPA To assess how graded information is re¯ected in the DPA, we described the shape of the DPAs using three measures.
(i) The location of a peak was estimated as the angular mean. For this purpose, the DPA was considered a probability distribution and its theoretical mean was calculated based on circular statistics (Batschelet, 1981) . Circular statistics does not require normalization of the probability distribution, so this computation was possible irrespective of the total amount of activity in the distribution. Note that the computation of the direction into which the population vector points is equivalent to this procedure .
(ii) The width of a peak was characterized by computing the concentration measure of circular statistics, again treating the DPA as a probability distribution. The concentration measure of circular statistics is related to variance in linear statistics. It ranges between zero and one, with zero representing a completely¯at distribution. The narrower the peak, the larger the concentration measure. Because the concentration measure depends on the norm of the probability distribution (the total area under the DPA), the DPAs needed to have equal area in order for this measure to capture width only. We used a subtractive normalization procedure, in which an appropriate constant is subtracted such as to make the area under all DPAs identical. Unlike a divisive normalization, this subtraction procedure leaves the shape of the DPA invariant, so that concentration does in fact capture the width of the peak of the original DPA.
(iii) Finally, the total activation was computed as the area under the original (unnormalized) DPA. Note that in any given time window and for any particular trial type (movement direction and behavioural condition) an individual DPA was computed and individually analysed using all three measures. Occasionally we report, however, values of concentration and total activation obtained by averaging over the six movement directions of a given behavioural condition.
Bootstrap procedure
Because all neurons and all trials contribute to any single DPA, estimates of statistical reliability are dif®cult to obtain. Therefore, we employed a bootstrap technique (Efron & Tibshirani, 1993 ) which provides measures of statistical reliability. For a given trial type, individual trials were randomly drawn from the original sample with replacement. This created a bootstrap sample of the same size as the original sample, which was obtained in this way separately for each neuron. Mean ®ring rates calculated from the bootstrap samples were then employed as the coef®cients in eqn (1) to determine resampled DPAs, from which activation and concentration measures were estimated and averaged over the six movement directions as appropriate. The tuning curves remained unchanged, based on the reference conditions. This bootstrap procedure was repeated 100 times, resulting in a set of 100 activation and concentration values in each behavioural condition. From these, 5% con®dence limits were obtained.
Results
Behavioural results
Reaction times of both monkeys, analysed during all selected recording sessions, were narrowly distributed around 225 and 200 ms, respectively (cf Fig. 4 ). For that reason we analysed only reaction time data between 0 and 500 ms to eliminate statistical outliers. Reaction times increased with increasing range of precued movement directions. In monkey J (Fig. 4B) , all pairwise differences in reaction time were statistically signi®cant, means (AE SD) being at 156 AE 23, 195 AE 21 and 203 AE 11 ms, respectively, for complete, two-target and three-target information (Student's t-test: complete vs. two-target condition, t 6.51, P << 0.0001, d.f. 65; two-target vs. three-target condition, t 2.07, P < 0.05, d.f. 64). In monkey L (Fig. 4A) , however, although reaction times did vary in the same way in relation to (Fig. 4A) . Short reaction times (<150 ms), re¯ecting an anticipatory behaviour, were exclusively produced in the condition of complete information and that in only a small percentage of trials. For monkey J, however, the distribution of reaction times in this particular condition differed substantially from the distributions in the conditions of partial information (Fig. 4B) . Note that, in the present paradigm, providing complete information about movement direction leaves no uncertainty about both when and where to move. The condition of complete information corresponds to a simple reaction time condition, in contrast to the two conditions of partial information, which are choice reaction time conditions. Here, the response signal necessarily completed the missing information about movement direction and movement initiation could not be anticipated. In other words, there is a conceptual difference between these two sets of behavioural conditions, which are not directly comparable. This becomes very clear in the reaction time data of monkey J obtained in the condition of complete information, which include many anticipatory movement initiations.
Neural data sample
In monkey J, the activity of 93 out of 121 task-related motor cortical neurons (77%) ful®lled the selection criteria for the population analysis whereas, in monkey L, the activity of 117 (68%) out of 171 taskrelated neurons did so. An example of the activity of a neuron recorded during all three behavioural conditions in monkey L is shown in Fig. 5 . The selective changes in neuronal activity during the preparatory period in relation to the amount of prior information about movement direction can clearly be seen. Figure 6 shows DPAs of monkey L in the condition of complete prior information, one DPA for each movement direction and temporal period. They were calculated for three different periods, that is, during the ®rst half of the preparatory period (PP1, lower panel), during its second half (PP2, middle panel) and during the reaction time period (RT, upper panel) . In all cases, the DPA peaked at the parameter value which corresponds to the requested movement direction (except for target 4 during RT at which a broad peak is positioned correctly, but activation over target 3 is slightly higher than over target 4). Already during PP1, the DPAs peaked for all six trial types at the precued movement direction. It can clearly be seen that the DPA was strongly prestructured after presentation of the preparatory signal, specifying the direction of the upcoming movement, although with a smaller amplitude. The evolution of the DPA during the preparatory period is illustrated in Fig. 7 , which is based on a representation using 100-ms time windows. In Fig. 7A , complete prior information was provided (target 2 was precued by the preparatory signal and then validated by the response signal). In Fig. 7B , two-target information was provided by the preparatory signal (targets 1 and 2 were illuminated simultaneously) and, in Fig. 7C , three-target information (targets 1, 2 and 6 were illuminated). The subsequent response signal then speci®ed in both conditions target 2 as target to be pointed at. Note how structure arose in the DPA after the preparatory signal, centred on the precued target direction(s). After a ®rst increase followed by a slight drop, activation continued to increase during the preparatory period. After the response signal, activation grew sharply and the peak shifted to the speci®ed movement direction in the case of partial information (Fig. 7B and C) .
Representation of movement direction
A more quantitative analysis determined the estimated peak positions (Fig. 8) . The circular means of the 100-ms time-resolved DPAs are shown for the three behavioural conditions and all six movement directions. In the condition of complete prior information (Fig. 8A) , the location of the peak of the DPA matched the precued direction throughout the preparatory period and during the reaction time. In the two-target condition (Fig. 8B) , the peak positions were centred during the preparatory period on directions approximately consistent with the two precued targets (targets 1 2, 3 4, 5 6, as indicated by vertical bars on the left; see Fig. 5 for the numbering). During reaction time, they then split and shifted to the appropriate target. Analogously, in the three-target condition (Fig. 8C) , DPA peaks were centred on the approximate means of the three precued targets (6 1 2 and 3 4 5) during the preparatory period, and then split and shifted in the same way during RT. In the two conditions of partial prior information, the peak shifted only to the speci®ed movement direction %150 ms after occurrence of the response signal.
The directional error was calculated on the basis of the DPAs in the behavioural epochs PP1, PP2 and RT (Table 1 ). In the preparatory period, this error was computed as the deviation between the circular mean of the DPA and (i) the precued target direction in the condition of complete prior information, and (ii) the mean of the two and three precued locations in the two-and three-target conditions. For the RT epoch, the error was in each case the deviation between the DPA circular mean and the target direction speci®ed by the response signal. SDs of directional errors computed across the six movement directions are also reported in Table 1 . The circular mean of the DPA re¯ected reliably (i) the speci®ed movement direction during the RT period and (ii) the precued target range during the preparatory period in all three task conditions. Temporal evolution of total activation and shape of the DPA Because of the particular reaction time distributions obtained in monkey J (cf. Fig. 4B ) in relation to the paradigmatic difference between the complete information condition and the partial information conditions, neuronal data recorded during the complete information condition were not included in the following analyes for this monkey.
The temporal evolution of the DPA in relation to the amount of prior information was assessed by the measures of total activation and concentration, which were calculated in small consecutive time windows (Figs 9 and 10) . The 5% con®dence limits, obtained by the bootstrap technique, were included in the ®gure as grey shadows, illustrating the signi®cance of differences. In the left part of the ®gures, neuronal activity, calculated in 100-ms windows, was aligned to signal occurrence, showing the development of the DPAs with respect to the information provided by the signals. In the right part, neuronal activity, calculated in 50-ms windows, was aligned to movement onset, such that the temporal evolution can be described in relation to the timing of movement initiation.
In both monkeys, total activation ( Fig. 9 ) and concentration ( Fig. 10 ) increased towards a ®rst maximum after the presentation of the preparatory signal. Although there was a decrease of activation after this ®rst maximum, which was paralleled by a decrease in concentration (that is, a widening of the peak), total activation as well as concentration remained elevated over the background level throughout the preparatory period. Total activation increased again, accompanied by a sharpening of the peak, as the response signal approached. The movement-triggered part of the ®gure shows that a second maximum Three-target Information Fig. 5 . Example of neuronal activity of a motor cortical neuron recorded in monkey L during execution of all three behavioural conditions. In the raster displays, each small dot corresponds to an action potential and each line to a behavioural trial, trials being arranged from top to bottom according to increasing reaction times. The ®rst ranges of large dots correspond to movement onset de®ning reaction time, and the second ones to movement end. The ®rst vertical lines indicate the preparatory signal (PS) and the second ones the response signal (RS), the delay between them lasting 1 s. In the centre of each condition, the con®guration of the six targets is represented. Connective lines indicate the simultaneously illuminated targets forming the preparatory signal in the two-and three-target conditions. of both activation and concentration was reached %100 ms before movement onset. When comparing the different behavioural conditions, we observed that total activation was higher in the condition of complete information (solid lines, monkey L) than in the conditions of partial information. The time course of concentration, however, showed clear differences: concentration was highest in the condition of complete information in monkey L throughout the whole preparatory period (Fig. 10A) . Furthermore, concentration was much higher in the condition of two-target information (dashed lines) than in the condition of three-target information (dotted lines) throughout the preparatory period in both monkeys. This led to a constant relationship of increasing concentration with decreasing number of precued targets in monkey L (Fig. 10A) .
When neuronal activity was aligned to movement onset (right part of Figs 9 and 10), total activation was signi®cantly higher in the condition of three-target information (dotted lines) than in the condition of twotarget information (dashed lines). The difference in activation was paralleled by a differential growth of concentration, which showed a steeper slope the lower the information content provided by the preparatory signal. These different slopes compensated for the higher concentration level at the time of occurrence of the response signal, such that a common peak was reached %100 ms before movement initiation for all behavioural conditions.
Relationship between DPAs and reaction time
The level of activity during the preparatory period of many neurons in motor cortex is predictive of reaction time (Riehle & Requin, 1993) . Is this due to a global effect such as an arousal or background activation state, or is the neuronal±behavioural relationship speci®c to what these neurons code for? This question can be addressed by examining whether the shape of the DPA predicts reaction time. To test this, we split the ensemble of all trials of a given trial type, i.e. movement direction, and a given behavioural condition, for each neuron into the two halves of short and long reaction times. In order to ensure the same number of trials for short and long reaction times, the median reaction time was taken as separation between samples. Mean ®ring rates computed for these two subsamples, averaged over all three conditions in monkey L and two-and three-target conditions in monkey J, served as coef®cients in eqn (1) of the DPAs, the tuning curves remaining unchanged from the earlier analysis.
Thus, for the same neuronal population, two representations were constructed separately for slow and fast trials, respectively, and their shape was analysed. As expected, we found that the total amount of activation rises earlier and is larger for fast than for slow trials. The shape of the DPA characterized by the concentration measure is shown in Fig. 11 . During the preparatory period, concentration is higher for fast than for slow trials, most of the difference arising in the second half of that period. The movement-triggered data show a cross-over in which the slow trials end up having the same or higher concentration close to the point at which movement is initiated. Thus, the earlier rise to higher levels of concentration on faster trials is due to distributions which sharpen earlier. At movement initiation, the shape of the distributions converges as does the level of concentration. The higher concentration levels on fast trials are thus generated by neural activity speci®c to the movement being prepared, not by general arousal or background activation.
Discussion
The goal of the present study was to investigate how partial information about a single movement parameter (direction) is represented and Three-target information t a r g e t s C population activation Fig. 7 . Evolution of the DPA obtained from monkey L. In (A), the condition of complete information (target number 2 was precued) is shown; in (B), the condition of two-target information (targets 1 and 2 were precued); and in C, the condition of three-target information (targets 1, 2, and 6 were precued). The xaxis indicates the time course of the trial, the y-axis the movement directions and the z-axis the amount of activation of the neuronal population. Note the shift of the peak in the condition of two-target information from the two precued targets to the single speci®ed target after presentation of the response signal at target 2. PS, preparatory signal; RS, response signal. Note that the population activation has no unit.
during the preparatory period up to movement initiation were observed and related to prior information and reaction time.
The representation of movement direction
Populations of motor cortical neurons have been shown to represent movement direction not only during movement execution but also during an instructed delay prior to movement initiation (Georgopoulos et al., 1989) . The present study con®rms and broadens this result. The DPAs constructed here represent prior information about movement direction during the preparatory period and after occurrence of the response signal. When providing complete prior information about the upcoming movement, the DPA developed a peak centred over the corresponding direction. Furthermore, when providing partial information about a combination of two or three adjacent possible targets a peak likewise emerged, now centred over the corresponding range of directions during the preparatory period. Note that the precision of the estimation of movement direction during the reaction time period, as re¯ected by standard deviations of 188 and 248 in the condition of complete information for, respectively, monkeys J and L (see Table 1 ) was comparable to the precision of the population vector in a similar task (mean error of 19.88; Kettner et al., 1988) , though our angular resolution was less re®ned (six targets instead of eight) and the number of neurons smaller (93 and 117, respectively, for the two animals, instead of 475).
A number of theoretical studies have proposed that populations code information`optimally' in the sense of minimizing the difference between the true and the coded stimulus or movement parameter (e.g. Salinas & Abbott, 1994; Pouget et al., 1999; cf Erlhagen et al., 1999 for discussion) . Although this notion of optimal estimation cannot be directly applied to the representation of partial information, we have used linear optimal estimation to construct in some sense optimal At the left, data were aligned to signal occurrence and averaged in bins of 100 ms whereas, at the right, data were aligned to movement onset (MVT) and averaged in 50-ms bins. Vertical lines indicate the occurrences of the preparatory signal (PS) and the response signal (RS). Time is in ms. Gray envelopes specify the 5% con®dence limits as derived from the bootstrap data. Note that the total activation has no unit. DPAs (Erlhagen et al., 1999) . Performing the same kind of analyses as reported here based on a linear optimal estimator, we obtained identical results and have thus decided to stick to the more intuitive estimator described in the methods section. The DPA makes is possible to ask new questions about the neuronal representation of movements. May DPAs become multimodal? How are decisions about movements re¯ected neuronally? By computing a plot of the global directional bias, Cisek & Kalaska (2002) showed, in dorsal premotor cortex, the simultaneous activation of two distinct neuronal populations with directional preferences representing two opposite possible targets before making a decision between them. A direct observation of such processes through DPAs would be possible in new experiments, which vary noncontiguous prior information over a suf®ciently broad range of movement directions. Behavioural experiments in the timed movement initiation paradigm have revealed bimodal distributions of movement directions for very early responses to two targets separated by >608 (Ghez et al., 1997) .
Observing the process of partial movement preparation
The temporally continuous and spatially graded evolution of the representation of movement direction by motor cortex can be directly observed, as illustrated in Fig. 7 . This neural result is consistent with the behavioural observations of Ghez et al. (1997) . The authors showed that by increasing the time interval between the informative stimulus and movement onset, distributions of performed movement directions evolved continuously in time and gradually in parametrical space, as long as movement directions were spaced as here at 608 angular separation. Preshaping of neuronal representations of movement direction was a postulate of the dynamic ®eld theory of movement preparation (Erlhagen & Scho Èner, 2002 ). Here we provide direct neuronal support for this assumption.
In order to detect regularities in the preshaping of the neuronal representation with changing task parameters, the concentration measure of circular statistics was employed, which allowed us to quantitatively analyse the shape of the DPA. Note that this is an additional observable that is not directly available from single cell analysis or from vector averaging procedures, where speci®city and the amount of activity are confounded in the directional signal (Smyrnis et al., 1992) . By quantifying the peak width independently from the total amount of activation, we were able to compare the shape of the DPAs at different moments in time and across different ranges of prior information.
First, we found that throughout the entire preparatory process, including the RT epoch, the concentration value was signi®cantly higher than background level, meaning that the DPA was at any time structured. Information about movement direction can thus be read out from the preshaped DPA at any time once the precue was presented, as discussed earlier.
Second, DPAs became increasingly focused as the response signal approached and beyond. Thus, the increase of activation which occurred at the same time was speci®c to the contents of the representation. Third, the width of the peaks in the DPA varied systematically with the range of precued directions: the more precise the prior information, the narrower the peak during the preparatory period. Note that potentially all neurons, including those whose preferred directions did not coincide with the precued directions, contributed to this relationship as they collectively determined the shape of the DPA. Note also that neuronal activation alone, which was largest when prior information was complete, failed to reveal signi®cant differences between the two conditions of partial information. The increase in concentration, i.e. sharpening of the representation, from the conditions of three-target to two-target information was, thus, not accompanied by a similar increase in activity, which proves that the two measures are truly independent. It follows that the concentration measure (and the DPA approach) is a useful tool in the search for basic neurophysiological mechanisms of motor preparation. Fourth, the relationship between the range of precued directions and the shape of the DPA carried over into the reaction time epoch. Interestingly, the increase of concentration following the response signal depended on the prior level of concentration. If concentration was low during the preparatory period (as in the condition of three-target information), neurons whose preferred direction corresponded to the required movement direction strongly increased their activity, leading to a very steep increase in concentration compared to the condition of complete information. In this way, the DPA enables us to observe signatures of the process of integration of prior and current information, which may occur in motor cortex or earlier along the pathway to movement generation. To assess the function of neuronal structures, it is certainly necessary to recognize that the response signal does not impinge on a tabula rasa but on a preshaped neural presentation.
Relationship between the DPA and reaction time Requin et al. (1991) have argued that an important criterion for designating neuronal activity as`preparatory' is its capacity to accelerate movement initiation. A few studies (maybe surprisingly few) have directly addressed the relationship between single-unit neurophysiology and reaction time (Kubota & Hamada, 1979; Hanes & Schall, 1996; Dorris & Mun Äoz, 1998 ). Riehle and colleagues (Riehle & Requin, 1989 , 1993 , 1995 Riehle et al., 1994) found, using a trial-bytrial analysis, that the amplitude of single neuron activity at the end of the preparatory period is signi®cantly correlated with reaction time in a substantial number of neurons, whether or not these neurons were directionally selective. This result indicates that the level of neuronal discharge during the preparatory period has a functional meaning directly in¯uencing the behavioural output.
We have extended the basis of this relationship by showing that the shape of the DPA is linked to behaviour. Speci®cally, trials with short reaction times were characterized by sharper DPAs which reach higher levels of concentration earlier in the trial (Fig. 11) . This observation helps to interpret the earlier results mentioned above: higher levels of activation during fast trials were not obtained (at least not entirely) by nonspeci®c`arousal' effects, but might be based on speci®c ampli®ca-tion of precued information. The pattern of preactivation of DPAs in motor cortex is thus predictive for motor performance.
The present ®ndings extend our knowledge about neuronal mechanisms underlying motor preparation. In particular, the concept of speci®c preactivation of distributions of population activation de®ned over the relevant movement parameter space appears to be a powerful one, which accounts for how partial prior information is integrated with new sensory information during the process of movement preparation. In the dynamic ®eld theory, this is the concept of`preshaping'. Because neurophysiological data are collected within task settings in which a limited set of movements is relevant, motor representations are potentially always preshaped, so that observed patterns of activity must be seen in relation to such prestructuring. The preshape concept may be relevant quite generally to examine contextdependent processes underlying behaviour. For instance, the DPA method with a preshaping approach might be useful to get further insight into processes which underly decision-making, as for instance, in Go-NoGo tasks (Miller et al., 1992; Zhang et al., 1997a) , stimulus± response compatibility tasks (Riehle et al., 1997; Zhang et al., 1997b) or categorization tasks (Salinas & Romo, 1998) .
